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Abstract

Phenylarsonic feed additives were once widely used in poultry and swine production around the
world, which brought significant and unnecessary health risk to consumers due to elevated
residues of arsenic species in animal tissues. They also increased the risk to ecosystems via
releases of inorganic arsenic through their environmental transformation. Out of concern for the
negative impacts on human and ecosystem health, China, one of the world’s largest poultry and
swine producing countries, recently banned the use of phenylarsonic feed additives in food animal
production. This ban, if fully enforced, will result in reduction of approximately 1160 cancer cases
per year from the consumption of chicken meat alone, and avoid an annual economic loss of
nearly 0.6 billion CNY according to our risk analysis. Furthermore, the inventory of anthropogenic
arsenic emissions in China will be cut by approximately one-third with the phase-out of
phenylarsonic feed additives. This ban is also expected to lead to significant reduction in the
accumulation of arsenic in the soils of farmlands fertilized by poultry and swine wastes and,
consequently, lower the accumulation of arsenic in food crops grown on them, which could have
even greater public health benefits. But effective enforcement of the ban is crucial, and it will
require detailed supervision of veterinary drug production and distribution, and enhanced
surveillance of animal feeds and food products. Furthermore, control of other major anthropogenic
sources of arsenic is also necessary to better protect human health and the environment.
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1. INTRODUCTION

Phenylarsonic acid compounds, primarily roxarsone (3-nitro-4-hydroxyphenylarsonic acid,
ROX) and p-arsanilic acid (4-aminobenzenearsonic acid, p-ASA), had been widely used in
poultry and swine production worldwide as feed additives to treat coccidiosis, promote
growth, and improve tissue pigmentation (Table S1). Their disease prevention and growth
promotion effects were first discovered in the 1940s and 1950s and were later approved for
use in poultry and swine production.1=3 The use of phenylarsonic feed additives became
widespread as concentrated animal feeding operations (CAFOs) took over the poultry and
swine industry worldwide.

Despite the well-known effects of inorganic arsenic (~As) on human respiratory,
cardiovascular, nervous, and hematopoietic systems from long-term exposure and the
epidemiological evidence linking its exposure to human lung and skin cancer, it was not
classified as a human carcinogen until 1980.#° On the other hand, organic arsenic
compounds are much less toxic than /As, and no epidemiological data are available on their
exposure and cancer so far. Like many veterinary drugs, the majority of phenylarsonic feed
additives fed to animals are excreted with urine and feces in unchanged forms, but residues
would inevitably occur in animal tissues.® The metabolism of phenylarsonic feed additives
in animal bodies has received virtually no attention until the early 2000s.” As a result, no
human health concern was raised for several decades while they were adopted by animal
farmers worldwide.

Concerned with the potential transformation to /~As in chickens and the associated public
health risk, European Union banned the use of ROX in 1999, although phenylarsonic feed
additives had never been approved in Europe.® Subsequent studies in the U.S. found that
chickens fed with ROX had increased levels of ~As in livers and muscles compared to the
unexposed controls.”%10 With the revelation that ROX was a key source of arsenic
contamination of poultry, its sale in the U.S. and Canada was voluntarily suspended in 2011.
The U.S. Food and Drug Administration (FDA) subsequently withdrew the approval of
ROX, p-ASA, and carbarsone for use on food-producing animals in 2013.11 The only
approved phenylarsonic feed additive left, nitarsone, was banned in the U.S. two years later.
12 Following the move in the U.S., several countries, including Malaysia, Canada, and
Australia, also took actions in banning phenylarsonic feed additives, although their use was
still allowed in many countries, including Argentina, Brazil, Chile, Mexico, and Vietnam. By
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officially banning the use of phenylarsonic feed additives on May 1, 2019, China became the
latest country joining the global phase-out efforts.13

HUMAN HEALTH RISK OF FOODBORNE ARSENIC RESIDUES

BROUGHT BY PHENYLARSONIC FEED ADDITIVES

Once fed to animals, phenylarsonic feed additives move throughout animal bodies via
absorption, distribution, metabolism, and excretion (ADME), processes that determine the
levels and speciation of their residues in animal tissues. To date, little is known about the
metabolism of phenylarsonic feed additives, which may possibly lead to residues of ~As in
animal tissues. N-acetyl-4-hydroxy-m-arsanilic acid (N-AHPAA) and 3-amino-4-
hydroxyphenylarsonic acid (3-AHPAA) have been detected as in the livers of chickens fed
with ROX, suggesting it could be metabolized in animal bodies.14-17 Recently, with the help
of an advanced analytical strategy that complemented inductively coupled plasma mass
spectroscopy with electrospray ionization mass spectrometry, 3-nitro-4-
hydroxyphenylmethylarsonic acid (methyl-ROX), 3-amino-4-hydroxyphenylmethylarsonic
acid (methyl-3AHPAA), and N-acetyl-4-hydroxy-phenylmethylarsonic acid (methyl-
NAHAA) were identified in the livers of ROX-fed chickens.1819 The discovery of these
methylated metabolites of phenylarsenicals provides new insight on the metabolism of
phenylarsonic feed additives in animal bodies, although there are still a number of
unidentified arsenic-containing metabolites.19 Despite the detection of /-As as a degradation
product of ROX by chicken gut microbiota,20-2 there is an overall lack of understanding on
the release of ~As from its metabolic transformation in animal bodies (Figure 1).

While the pharmaceutical activity and toxicity of phenylarsonic feed additives in humans
received little attention,22 the negative health consequences of /-As exposure has gradually
become well-known. Several studies conducted in the U.S. consistently found that the
tissues of chickens fed with phenylarsonic feed additives contained higher levels of ~As
(and total arsenic as well) compared to the unexposed controls.”2:10.23 A 35-day feeding
experiment conducted in Canada found that the contents of /~As and several organic arsenic
species in the breasts of ROX-fed chickens were significantly higher than those in the
control chickens, and the levels of arsenite and ROX were still significantly elevated after a
7-day withdrawal period.1” A survey of the chicken tissues from live poultry markets in
Guangdong province of southern China between 2013 and 2014 showed that the geometric
mean content of total arsenic in the chicken meats from urban markets was 1.7 times higher
than that in the products from rural markets.2425 This could be attributed to the fact that
most chickens sold on the urban markets were raised in CAFOs (and thus received
phenylarsonic feed additives), while those on the rural markets were primarily raised in
traditional backyard farms.2> A later study also found elevated levels of total arsenic in the
chicken meats from markets of 10 provincial capital cities in China, with p-ASA and ROX
detected in more than 90% of the samples analyzed for arsenic speciation and ~As occurred
at greater levels in the cities that had chicken meats containing higher contents of p-ASA or
ROX.26

Environ Sci Technol. Author manuscript; available in PMC 2020 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hu et al.

Page 4

On the basis of the limited data available, ~As was believed to account for, on the average,
65% of the total arsenic in poultry meats in the evaluation of dietary arsenic intake in the
U.S. three decades ago,2’ while reassessment of the data a decade later revealed that the
average fraction of ~As was actually 41%.28 A market basket study in the U.S. found that
the shares of ~As were 24.5 and 12.2% of the total arsenic in the meats of chickens raised
with unknown policy on ROX use and without its administration, respectively, while the
share was only 9.8% in organic chicken products.10 In contrast, the feeding experiment in
Canada showed that ~As accounted for <10% of the total arsenic residue in the meats of
chickens treated with ROX, while arsenobetaine (approximately 80%) was the predominant
arsenic species due to the fish meal-containing feed.1” ROX, /-As, and unidentified organic
arsenic species were detected at comparable levels in the livers of chickens from urban
markets of Guangdong, China, resulting in a share of /-As at around 30%.2° The mean
shares of arsenite and arsenate in the total arsenic contents of chicken meats from markets of
10 Chinese cities were 11.6 and 23.0%, respectively, which corresponds to a mean share of
34.6% for /-As.28 These results consistently show that the use of phenylarsonic feed
additives increased the contents of both ~As and total arsenic in chicken tissues.

Potentially significant public health risk can result from the elevated ~As contents in the
tissues of animals fed with phenylarsonic feed additives. Consumption of the meats of
chickens and turkeys raised in conventional farms (where the use of phenylarsonic feed
additives was not prohibited) increased the incremental lifetime cancer risk (ILCR) of lung
and bladder cancer by 37 and 3.1 per million population, respectively, in the U.S.10:23 On the
basis of the average content of ~As in the chicken meats from local markets, lifetime
consumption would result in 141 and 46 additional cases of lung and bladder cancer per
million adults living in the urban and rural areas of Guangdong province in China,
respectively.2> Although the chicken consumption rates of urban and rural populations in
Guangdong were only 60% and 30% of that of the U.S. population, their ILCR from FAs
exposure through chicken consumption was approximately 7.6 and 2.5 times higher,
respectively, because of the use of phenylarsonic feed additives in chicken production at the
time.2425 Considerable geographic variation in the cancer risk of ~As exposure from
chicken consumption was observed in the 10 provincial capital cities of China: an increase
of 117 bladder and lung cancer cases per 1 000 000 adults would occur in Kunming, while
only 9 cancer cases (per 1 000 000 adults) would occur in Shanghai.28 Clearly, significant
public health risk could arise from the elevated levels of ~As in animal food products
because of the widespread use of phenylarsonic feed additives in poultry production.

3. ENVIRONMENTAL RISK OF PHENYLARSONIC FEED ADDITIVES
RELEASED WITH ANIMAL WASTES

The phenylarsonic feed additives excreted by animals could enter the environment through
multiple pathways during the storage and disposal of animal wastes, e.g., weather-exposed
lagoons or windrows and land application of animal wastes. Their environmental
transformation could result in the releases of the more toxic and mobile ~As, which elevates
the risk to ecosystems.2%-34 Rather slow biotransformation of ROX has been observed
during anaerobic composting of manure, with the speciation of arsenic shifting from ROX to
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primarily arsenate in a month.32 Relatively fast transformation of ROX by Clostridium
species in chicken litter enrichments under anaerobic conditions was also reported, with 3-
AHPAA and /-As being the main degradation products.?! Methanogenic sludge could cause
fast transformation of ROX to 3-AHPAA under anaerobic conditions,3! while slow
biotransformation of 3-AHPAA and p-ASA also occurred under methanogenic and sulfate-
reducing conditions, with only 19-28% of the arsenic from the transformed amino-
substituted phenylarsonic acids released as /-As.3! Under reducing conditions, reduction of
the nitro group is expected, while cleavage of the C—As bond is unlikely based on the
compound’s electronic structure.?! Later studies found that the C-As bond in trivalent ROX,
P-ASA, and nitarsone could be cleaved by a bacterial gene, ars/, which is an Fe(ll)-
dependent extradiol dioxygenase, from the environmental isolate Bacillus sp. MD1.3536
Exoelectrogenic bacteria could effectively use ROX as an electron acceptor for anaerobic
respiration (producing arsenite), with extracellular and intracellular reductions occurring
simultaneously.33 The widely occurring facultative anaerobic microbe, Shewanella
putrefaciens, was found to be capable of causing cleavage of the C—As bond in trivalent
phenylarsonic feed additives under aerobic conditions.3” An aerobic bacterial strain of the
genus Enterobacterisolated from an arsenic-contaminated paddy soil also caused relatively
fast degradation of ROX, producing N-AHPAA, 3-AHPAA, arsenate, arsenite, and a sulfur-
containing arsenic species (AsCgH13N206S).38 Overall, literature data indicate that
phenylarsonic feed additives could be bio-transformed under anaerobic conditions, and
certain microbes in the environment could also cause their degradation with the production
of ~As under aerobic conditions, although the mechanism of ~As liberation from the
aromatic ring is still not well understood (Figure 2a).

Being quite water-soluble, phenylarsonic feed additives could be easily leached out of
animal wastes by rainwater and irrigation water and reach surface water bodies. Under UV
irradiation, ROX and p-ASA in water degraded quickly and produced /~As, with both direct
photolysis and indirect photolysis contributing to the overall degradation.3%:39 Under
sunlight irradiation, p-ASA also underwent fast photodegradation, releasing /~As.%0 Direct
photolysis contributed little to its solar photodegradation, while self-sensitized formation of
singlet oxygen was primarily responsible for the transformation.#%41 p-ASA could adsorb
onto the surface of birnessite, a commonly occurring manganese oxide in surface soils, and
then undergo degradation quickly under slightly acidic conditions (pH 4.0-6.2).42 While
most arsenic was released as ~As with the cleavage of C-As bond, about a quarter of the
arsenic was not mineralized due to the formation of a self-coupling product,
azophenylarsonic acid.#2 Similarly, manganese—iron binary oxide could also adsorb p-ASA
and ROX and mediate their heterogeneous oxidation.*3

Unlike biodegradation, abiotic transformation of phenylarsonic feed additives in the
environment always leads to partial or complete cleavage of the C—As bond and
corresponding release of ~As (Figures 2b and 2c). The half-lives of their photodegradation
under natural sunlight are on the order of hours, 4041 and those of the degradation mediated
by manganese oxides are on the same order.#244 In contrast, their biodegradation involving
the releases of /-As occurs very slowly under anaerobic conditions, 213145 although releases
of ~As from ROX biodegradation could be facilitated by a bacteria strain isolated from
arsenic-contaminated soils.38 Overall, biodegradation dominates the transformation of
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phenylarsonic feed additives when the animal wastes undergo stabilization in surface
lagoons or compost piles, while the release of ~As from their degradation is likely
controlled by abiotic processes once they enter the surface water and surface soils. These
findings are consistent with the field observations on the occurrence of p-ASA and ~As in
the surface water and surface soils of a swine farming zone in southern China.34:46

4. USE HISTORY OF PHENYLARSONIC FEED ADDITIVES IN CHINA AND
THEIR PHASE-OUT

Following the practices in developed countries, the Ministry of Agriculture (MOA) of China
approved the use of p-ASA in chicken and swine production in 1993, and ROX three years
later (Table S1). Their use in poultry and swine farming has expanded quickly since then,
along with the transition from the traditional backyard farms to CAFOs in the country’s
poultry and swine production.*’ Meanwhile, China’s chemical industry experienced
headlong expansion in the early 2000s, which rendered p-ASA and ROX, like many other
veterinary drugs, easily available at low costs from quite a few manufacturers. The use of
veterinary drugs, including phenylarsonic feed additives, in poultry and swine production
generated significant economic paybacks to the manufacturers, feed producers, and animal
farmers. On the other hand, their use was largely unchecked because of the overall lack of
supervision on the production, distribution, and end use over the past three decades.48:49
Being one of the largest producers of chickens and pigs, together with spotty supervision of
veterinary drugs, the volume of phenylarsonic feed additives used in China’s food animal
production was probably the highest in the world. For example, it was estimated that a total
of 6000 tonnes of arsenic entered soils due to the use of phenylarsonic feed additives in the
country’s poultry and swine farming in 2004.50 With less than 1.5% and 0.1% of the
domestically produced pork and chicken exported, respectively (Tables S2 and S3), both the
human health and environmental impact of phenylarsonic feed additive use is expected to be
within the country.

With a better understanding of the public health risk posed by elevated ~As residues in the
tissues of animals fed with phenylarsonic feed additives, as well as their impact on the
environment once released with the animal wastes over the past two decades, regulatory
control on their production and use in China was gradually tightened (Table S4). Maximum
residue limits were established for total arsenic in poultry and swine products soon after the
approval of p~ASA use in poultry and swine production, while administrative scrutiny
requirements were later set for the manufacturers. Local governments even took more
aggressive measures: for example, Fujian, a major livestock and poultry production province
in China, banned p-ASA and ROX as feed additives for pigs and chickens in 2005 and 2008,
respectively.51:52 Phenylarsonic feed additives were included in the program for re-
evaluation of approved veterinary drugs in the early 2010s, while a recommendation on
banning their use on food-producing animals was made in 2017 based on considerations of
the safety of animals, animal food products, environment, and public health.53 In early 2018,
the national action plan for phasing out phenylarsonic feed additives was officially
announced, outlawing their use in China’s food animal production by May 1, 2019.13
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5. PUBLIC HEALTH AND ENVIRONMENTAL BENEFITS OF THE
PHENYLARSONIC FEED ADDITIVE BAN IN CHINA

Previous studies have indicated that the residues of /~As present in chicken meats did not
pose appreciable non-carcinogenic risk to the consumers.10:17.23-25 Ag g result, only the
carcinogenic risk associated with the exposure to /-As in chicken meats was considered.>*
For easy comparison, the risk associated with chicken consumption before and after the
discontinuation of phenylarsonic feed additive use in China was estimated for adults only.
The ILCR of ~As exposure, which refers to the incremental increase in cancer cases in the
exposed population compared to the unexposed one, was calculated by multiplying the
lifetime average daily dose (LADD, mg/kg/day) of /~As by its corresponding cancer slope
factor (CSF, (mg/kg/day)~1):54

ILCR = LADD x CSF 1)

LADD was estimated by multiplying the content of ~As in chicken meat (Gias, mg/kg) by
the daily intake rate (IR, kg/day) for individuals and divided by the body weight (BW, 60

kg):

Cias X IR

@
The mean contents of /~As in the chicken meats on urban and rural markets before the ban
were assumed to be 10.2 and 5.4 wg/kg, respectively, based on the results of our previous
studies in Guangdong province.2425 After full implementation of the ban on phenylarsonic
feed additives, the mean content of ~As in chicken meats on both urban and rural markets
was assumed to be lowered to 0.7 pg/kg, the same value for the chickens raised in CAFQOs
without using phenylarsonic feed additives in the U.S.10:23 Table S5 summarizes the daily
intake rates of chicken meat for urban and rural residents and the respective population sizes
for 31 provinces and municipalities in China. For ~-As, CSF values of 1.5 and 25.7 (mg/kg/
day)~1 were used for estimating the risk of skin cancer and combined lung and bladder
cancer, respectively (see more details in Supporting Information). The overall carcinogenic
risk of ~As exposure was also estimated by combining the corresponding risk of the three
cancer types caused by ~As exposure, that is, bladder, lung, and skin cancers (the risk was
calculated for bladder and lung cancer combined), following the approach used in the
assessment of the public health risk of arsenic in drinking water.%5

Table 1 summarizes the results for risk estimation and cancer cases avoided by the policy of
banning phenylarsonic feed additives in different provinces and municipalities. Overall, ~As
exposure through chicken consumption would result in approximately 81.9 and 34.8
additional lung and bladder cancer cases, as well as 4.78 and 2.03 additional cases of skin
cancer, per 1 000 000 persons for the urban and rural residents, respectively, before
phenylarsonic feed additives were banned. With higher arsenic contents in chicken products
on the urban markets and greater chicken ingestion rates, the urban populations faced much
higher cancer risk compared to the rural populations. For individual provinces and
municipalities, the mean ILCR of lung and bladder cancer ranged from 6.15 x 1076 to 1.92 x
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104 for the urban populations, and 4.10 x 107 to 1.04 x 10~ for the rural populations. In
particular, the urban residents in Hainan, Guangxi, Guangdong, Chongging, and Shanghai,
and the rural residents in Guangdong have mean ILCR (lung and bladder cancer) greater
than 104, which is considered as serious and deserves significant attention.56 Once the use
of phenylarsonic feed additives is fully discontinued, the mean ILCR (lung and bladder
cancer) from /-As exposure due to chicken consumption in all provinces and municipalities
would drop below 1074, mostly in the range of 1076 to 107>, which is considered as
tolerable. Nationwide, phasing out the use of phenylarsonic feed additives would reduce the
additional lung and bladder cancer cases per 1 000 000 persons to 5.62 and 4.51 for the
urban and rural residents, respectively. Meanwhile, additional skin cancer risk as estimated
by cases per 1 000 000 persons would be lowered to 0.33 and 0.26 for the urban and rural
populations, respectively. Overall, based on the current population size in China, it is
estimated that approximately 81 100 cases of lung, bladder, and skin cancers combined
could be avoided due to the elimination of phenylarsonic feed additive use in chicken
farming over the next 70 years following the ban (approximately 1160 cancer cases per

year).

It has been estimated that the 983 678 new cases of lung cancer in 2015 caused economic
losses of 489 hillion CNY in China (approximately 0.5 million CNY per case), which
resulted from hospitalization, short- and long-term disability, and premature death.>” On the
basis of the number of new cancer cases (approximately 1160) that will be avoided with the
ban on phenylarsonic feed additives in chicken farming, an annual economic savings of
nearly 0.6 billion CNY is expected. Also, the reduction in the incidence of cancer and
related premature mortality has a broad range of societal beneficial impacts in addition to the
cost savings.>8 Because phenylarsonic feed additives had played an important role in animal
disease treatment and prevention, as well as growth promotion in poultry and swine
production, their withdrawal or replacement (by other veterinary drugs) might bring
additional costs to the producers. Nonetheless, the monthly wholesale and retail prices of
broilers sold in the U.S. between 2007 and 2018 indicate that the complete withdrawal of
arsenic-based feed additives did not significantly impact the prices of chicken products on
the markets or the production costs (Figure S1a). Although a nationwide ban on
phenylarsonic feed additives was only implemented in May 2019, their use on chickens had
been banned in Fujian province since 2008.51:52 The farm-gate prices of fast- and medium-
growing chickens, which are the major breeds raised in CAFOs, on the markets in Fujian
were not significantly different from those of national averages over the past year (Figure
S1b). Together, these data consistently indicate that phasing out the use of phenylarsonic
feed additives added little cost to the poultry producers but could represent significant public
health (and economic) benefits through reducing ~As exposure of the general population. It
should be noted that the above analyses were carried out for chickens only due to the
availability of data, but a similar finding is expected for pigs.

It was estimated that a total of 5.75 x 104 tonnes of arsenic was emitted into the environment
in China in 2010 (1.98 x 104, 3.37 x 104, and 4.0 x 103 tonnes to water, soil, and air,
respectively), with 2.93 x 10% tonnes contributed by animal wastes (1.26 x 10 and 7.16 x
103 tonnes from swine and poultry wastes, respectively).%® The use of phenylarsonic feed
additives is well documented to result in swine and poultry wastes with elevated levels of

Environ Sci Technol. Author manuscript; available in PMC 2020 November 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hu et al.

Page 9

arsenic.29:30.32.34 A national survey revealed that 13.7% of commercial animal manure-
based compost products had total arsenic contents above the regulatory limit (15 mg/kg) for
organic fertilizers in China.89 The arsenic contents of swine and poultry wastes in the
provinces with high production volumes (i.e., with many CAFQOs) were often an order of
magnitude higher than those in the provinces with very low production volumes (e.g.,
western China, where pigs and chickens are predominantly raised in traditional backyard
farms).%9 Thus, it is reasonable to speculate that the ban on the use of phenylarsonic feed
additives would reduce the arsenic emissions from swine and poultry wastes by roughly
90%. This would translate into reduction of approximately one-third of total arsenic
emissions, assuming emissions from all sources had grown at the same rates since 2010. The
above preliminary estimation indicates that a significant environmental benefit will accrue
by the ban on phenylarsonic feed additives in China.

With the phenylarsonic feed additives administered to the farmed animals almost completely
excreted into the urine and feces, their phase-out would lead to immediate reduction in the
arsenic contents of animal wastes, and correspondingly, the inputs of arsenic to the
farmlands receiving these wastes. Studies have shown that the arsenic contents in rice and
vegetables are significantly correlated with its levels in the soils, and the mean transfer factor
of arsenic from soil to rice (0.04) is more than 10 times greater than that for wheat or barley.
61.62 Taple 2 summarizes the accumulation of arsenic in farmland soils and the
corresponding increases in the arsenic contents in rice in the absence of the prohibiting
policy on phenylarsonic feed additives in China. The annual accumulation rates of arsenic in
the agricultural soils receiving manure-based fertilizers range from 0.009 to 0.228 mg/kg in
different provinces. The actual accumulation rates of arsenic in farmland soils could well be
greater as manure (and its compost) is often spread repeatedly on the farmlands located
within 5-15 km radius of CAFOs because of the high transportation cost.#”:63 As a result of
soil-to-crop transfer, the arsenic contents of rice grown on the farmlands fertilized by animal
wastes increase at rates of 0.35-9.15 g/kg/year. Currently, the rice produced in China has
arsenic contents ranging from 0.065 to 0.274 mg/kg, with a mean of 0.114 mg/kg.%4 The
continued use of phenylarsonic feed additives would cause the arsenic contents in the rice
grown on farmlands receiving swine and poultry wastes to double within 30-70 years in all
the major rice production provinces of southern China (e.g., Jiangsu, Zhejiang, Anhui,
Jiangxi, Hunan, Guangdong, and Sichuan). There is no doubt that banning the use of
arsenic-based feed additives would significantly reduce the arsenic intake for the population
consuming cereal grains (particularly rice) and vegetables produced in the farmlands
fertilized by the animal wastes from swine and poultry CAFOs.

A previous study in 2011 estimated the ILCR of ~As from food intake for the adult
population in China is 1060 per 1 000 000 persons, with rice, vegetables, and aquatic
products being the major contributors.8° Rice is the single largest source of total daily intake
of ~As for the populations in both southern China (64.1%) and northern China (41.7%),
which is similar to the cases in other Asian countries (Figure S2). In comparison, meat
consumption accounted for approximately 4.81 and 3.86% of the total daily intake of ~As
for the populations of southern and northern China, respectively.5® Because of the lack of
sufficient data, assessment of the overall contribution of the phenylarsonic feed additive
phase-out on reduction of the public health risk from decreased /~As intake through food
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consumption is not possible. Nonetheless, it is expected that the reduction in arsenic
contents of cereal grains (particularly rice) and vegetables grown on farmlands fertilized by
animal wastes brought by the phase-out could have even greater impact on arsenic exposure
of the Chinese population compared to the reduction in the arsenic levels in swine and
poultry meats.

6. RECOMMENDATIONS

The nationwide ban on the use of phenylarsonic feed additives in poultry and swine farming
is expected to eliminate an important source of arsenic pollution to agricultural soils, and
significantly reduce the public health risk of the general population by directly reducing the
FAs contents in poultry and swine products, and lowering the arsenic contents in food crops
grown on farmlands impacted by animal wastes from poultry and swine CAFOs as well
(Figure S3). Nonetheless, substantial human and ecosystem health benefits would
materialize only if the use of phenylarsonic feed additives in China’s poultry and swine
farming could be fully curtailed by implementation of the ban. Accordingly, the following
measures are recommended to facilitate the effective and efficient phase-out of these
veterinary drugs and further enhance the environmental and human health benefits.

6.1. Strengthening Supervision on Veterinary Drug Production and Distribution to
Eliminate Supply.

Broadly speaking, phenylarsonic feed additives are just a small group of veterinary drugs
(primarily antimicrobials and steroids) used on food-producing animals in China.4”48 While
veterinary drugs have played important roles in maintaining animal health and reducing the
costs of production in CAFOs of various scales, their misuse and overuse often resulted in
animal food products bearing drug residues exceeding the tolerable limits and have even
caused some food safety incidents between the late 1990s and early 2010s.4° To fight the
abuse of veterinary drugs and promote rational use, a total of 227 veterinary drugs have been
banned for nontherapeutic use since March 2014.56 However, the results of national
surveillance conducted between 2015 and 2017 showed that overall 7.4% of the animal food
products inspected had drug residues at unsafe levels or contained residues of drugs
prohibited for nontherapeutic use.8” The high occurrence rates of veterinary drug violations
clearly indicate the institutional failures of current veterinary drug management.

Institutional reform of the administration of veterinary drugs in China is necessary, while
immediate actions should be taken to strengthen the supervision and management of
veterinary drug production and distribution. Although eliminating the use of phenylarsonic
feed additives in food animal production would contribute significantly to the protection of
human and ecosystem health, the experience with management of other veterinary drugs
suggests that regulatory ban is probably far from enough to achieve the intended outcome.
48.49.67 production of phenylarsonic feed additives was outlawed on May 1, 2018, while
their distribution and use became illegal after May 1, 2019.13 Nonetheless, driven by both
profits and demand, some manufacturers and distributors might continue to produce and
supply these drugs (illegally). The animal farmers are often not aware of the public health
and environmental risk brought by the use of phenylarsonic feed additives. Thus, a crack-
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down on the illegal production and distribution of veterinary drugs can be much more
effective than inspections at individual animal farms, as indicated by the success in
combating clenbuterol abuse in China in the early 2010s.58

6.2. Enhancing Surveillance of Animal Feeds and Animal Food Products to Ensure

Compliance.

Surveillance and compliance monitoring on animal feeds and animal food products are
important in detecting and deterring potential abuse of veterinary drugs by the feed
producers and animal farmers. China’s MOA and General Administration of Quality
Supervision, Inspection and Quarantine (AQSIQ) conduct national inspections on animal
feeds and feed additives twice a year. In general, the overuse and misuse of veterinary drugs
have been significantly improved over the past two decades, but some prohibited veterinary
drugs were still detected (in 2.2% of the samples), according to the most recent survey
results.59 1t should be noted that only a total of 620 and 6804 batches of animal feed
additives and animal feeds were inspected, respectively, while their total production volumes
were 10.9 and 228 million tonnes in 2018. Obviously, the current surveillance program is far
from comprehensive and veterinary drug abuse could be easily missed. The same argument
also applies to the surveillance program on drug residues in food products of animal origins.
67 Thus, the monitoring programs on feed additives and animal feeds, and animal food
products should be significantly expanded in terms of the sampling frequency and the
number of samples inspected to verify the effectiveness of the ban and safeguard the safety
of these products. The increased cost would be well worth the price for improved human
health and the environment.

With the use of phenylarsonic feed additives banned, their potential abuse can be easily
checked by measuring the total arsenic contents in animal feeds and animal food products.
Phenylarsonic feed additives were allowed at rather high levels (0-ASA, 100 mg/kg; ROX,
25 or 50 mg/kg) in swine and chicken feeds, despite the 2.0 mg/kg standard for ~As (Table
S4). Thus, speciation analysis, which involves rather complicated extraction and analysis
procedures, had to be carried out by compliance monitoring before the ban. A similar
problem also existed for the food safety standards with respect to arsenic residues. The
Maximum Levels of Contaminants in Foods (GB 2762-2005) stipulated that the ~As
contents in livestock and poultry meats should be below 0.05 mg/kg, while the National
Food Standards issued in 2013 set an upper limit of 0.5 mg/kg for total arsenic contents in
animal food products. These standards caused confusion and were not necessarily consistent
(e.g., the share of ~As in the total arsenic residue could be greater than 10% in chicken
tissues), although they did seek to accommodate the use of phenylarsonic feed additives in
animal agriculture and account for the lower toxicity of phenylarsenicals.

Controversies in food safety standards had also occurred. For example, a maximum residue
limit of 0.5 mg/kg for total arsenic in chicken eggs was set in 1999, while a 2001 regulation
prohibited the use of phenylarsonic feed additives on egg-producing chickens (Table S4).
Thus, a total limit of 0.05 mg/kg (the same as that for ~As) would have been more
appropriate for chicken eggs to ensure that phenylarsonic feed additives are not fed to layer
chickens. With the use of phenylarsonic feed additives banned in food animal production,
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the Chinese national standards on arsenic for animal feeds and animal food products should
now be revised and set on the basis of total arsenic only, which would greatly simplify and
facilitate surveillance and compliance monitoring.

6.3. Reducing Arsenic Pollution to Protect Public Health.

Exposure to arsenic is recognized as a major global public health concern, and the
provisional tolerable weekly intake (PTWI) of 15 wg/kg-bw for ~As has been withdrawn
since 2011 as there is no safe dose for its exposure.’® In general, consumption of arsenic-
contaminated groundwater, which occurs naturally, is the main route of human exposure to #
As. It was estimated that up to 19.6 million people in China, primarily in Xinjiang, Inner
Mongolia, Henan, Shandong, and Jiangsu, are at risk from drinking groundwater containing
arsenic at unsafe levels (i.e., >10 zg/L).”! Ingestion of food is typically the most important
route of arsenic exposure for the general population not exposed to contaminated water.
Food crops, which can uptake arsenic from contaminated soils and irrigation water, account
for 75.6% and 87.3% of total daily ~As intake of the urban and rural populations in China,
respectively.®®

The ban on phenylarsonic feed additives would greatly reduce the arsenic contents in poultry
and swine products, and in crops grown on farmlands fertilized by animal wastes in the long
run (Figure S3). Nonetheless, the historical use of inorganic and organic arsenic pesticides,
along with mining and other related industrial activities, have significantly elevated the soil
arsenic levels in China. Therefore, it is necessary to step up the control on other major
anthropogenic sources of arsenic pollution, such as metal mining, smelting, and
metallurgical industries, coal combustion, and industrial use of arsenic, to reduce arsenic
pollution and thus ~As exposure of the general population through ingestion of cereal grains
and vegetables, and the other routes as well.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Summary of the major transformation pathways of phenylarsonic feed additives in the

environment: (a) biodegradation (where MMMTAS stands for monomethyl monothioarsonic
acid),21:31.33.37.38 () direct and indirect photodegradation,39:3940 and (c) abiotic reductive
transformation,42-44
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